Abstract-As today's digital cameras contain millions of image sensors, it is highly probable that the image sensors will contain a few defective pixels due to errors in the fabrication process. While these bad pixels would normally be mapped out in the manufacturing process, more defective pixels, known as hot pixels, could appear over time with camera usage. Since some hot pixels can still function at normal settings, they need not be permanently mapped out because they will only appear on a long exposure and/or at high ISO settings. In this paper, we apply an adaptive order-statistics multi-shell filter within CFA demosaicking to filter out only bad pixels whilst preserving the rest of the image. The CFA image containing bad pixels is first demosaicked to produce a full colour image. The adaptive filter is then only applied to the actual sensor pixels within the colour image for bad pixel correction. Demosaicking is then re-applied at those bad pixel locations to produce the final full colour image free of defective pixels. It has been shown that our proposed method outperforms a separate process of CFA demosaicking followed by bad pixel removal.
INTRODUCTION
Demosaicking refers to determining the missing colour values at each pixel when a single-sensor digital camera is used for colour image capture. The Bayer Colour Filter Array (CFA) is the most common colour filter array used [1] . Fig. 1 shows a 5x5 window of a Bayer array neighbourhood. In this pattern, the green colour is sampled at twice the rate of the red and blue values. This is due to the peak sensitivity of the human visual system which lies in the green spectrum [1] .
All the sensor values produced by digital sensor must be accurate in order for the demosaicking process to produce a visually pleasing image. However, despite advances in the manufacturing process, digital cameras often contain a few defective pixels as a result of noise or fabrication errors [2] . There are three main types of defective or bad pixels: hot, dead or noisy. A hot pixel produces a brighter than expected spot, while a dead pixel produces a darker than expected spot in the output image. A noisy pixel produces a sensor value which differs from neighbouring pixels by more than a certain amount when exposed to the same light conditions. Bad Pixel Correction (BPC) is the process of detecting and correcting defective pixels. Traditionally BPC and demosaicking have been performed in two separate stages, either in software or in a digital circuit implemented in hardware. Each stage adds to the complexity and expense of processing sensor values for final output on a display device. Our proposed algorithm aims to combine an accurate BPC algorithm with demosaicking in a single stage.
II. ADAPTIVE ORDER-STATISTICS MULTI-SHELL FILTERING
In this section, we describe the adaptive order-statistics multi-shell filtering method which can be used to remove and correct for bad pixels.
The multi-shell median filters have been shown to be effective in removing impulsive noise while preserving image details [3] - [8] . By modifying its filter structure, it can be used for detection of bad pixels effectively. where
The output of the median based multi-shell order-statistics filter [7] with K shells is defined by: For a 5x5 window, the output of the median based multishell order-statistics filter is given by: 
and
The basic idea of the adaptive median based multi-shell order-statistics filtering is to adaptively select the values of 1 r and 2 r according to the input impulsive noise density so that 1 r and/or 2 r will move up or down depending on whether the input noise density is high or low respectively. The filtering scheme includes a number of steps; the first is to obtain the median 
The second step involves counting the number of samples,
, and the number of samples, 
As a result, 1 r and 2 r will vary adaptively with the number of estimated bad pixels within the filter window. If both 1 r and 2 r are zero, this implies that no bad pixel has been identified and hence no filtering will be applied. However, if only 1 r is zero, the filter output is given as follows: On the other hand, if only 2 r is zero, the filter output is: 
In [6] , C was defined as a fixed constant value. To preserve the image better, we propose a variation to C so that C will be adaptively adjusted so that only pixel values which are considerably different from their surroundings will be removed.
One problem with impulse noise removal algorithms is that they will remove a pixel which is different from its neighbours. However, some image features will contain pixels which are different from their neighbours and will mistakenly be removed. To preserve an image well, only a pixel which is considerably different from its surroundings should be considered as a bad pixel and removed, because a local maximum/minimum pixel should not be simply considered as a bad pixel. To reduce false bad pixel detection, we examine the gradients of the centre pixel to that of the surrounding pixels in 8 directions, and the estimated ratio of the gradients is given by the median of the ratios in all directions. 
Let
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When D Ω is small, this implies that the centre pixel is considerably different from its surroundings, and C should be small so that the bound is small enough to exclude the bad pixel. On the other hand, when D Ω is large, C should be large so that the bound is big enough to include the centre pixel even though it may differ from its surroundings, and be preserved. We propose C as follows:
where K is a constant which determines how the image will be preserved depending on the ratio of the gradients of the centre pixel to that of the surrounding pixels. It has to be found experimentally. A larger K will preserve an image better, while a smaller K will remove a higher density of bad pixels.
III. WEIGHTED MEDIAN BASED CFA DEMOSAICKING
Various CFA demosaicking techniques [10] - [14] have been proposed to tackle the problems of colour artefacts in the demosaicked image. In this section, we describe the weighted median based CFA demosaicking which can be used to interpolate the missing colour values in the CFA image with minimal colour artefacts while preserving sharp colour edges. By applying the formulas given in [14] to Fig. 2 , the missing green pixel value x Ĝ at the blue pixel location x B along the west direction is given by:
Similarly, the other three estimates for the north, south and east directions can be determined. Likewise, a missing green value at a red pixel position can be evaluated using similar equations.
In order to preserve an edge, a weighted median based classifier is used to process the four estimates because it inherits the robustness and edge preserving capability of a median filter, while offering much greater flexibility in design specifications [15] , [16] 
where K is the duplication number.
The weighted median filtering process duplicates each sample according to its corresponding weight, and then selects the median value from the new sequence. As a result the weights of the WMF influence the probability of a particular sample to be chosen as the output. We apply the same criterion in [13] to determine the filter coefficients for the weighted median filter, which is based on the edge orientation map. Fig. 3 gives the flowchart of the proposed algorithm. In order for the adaptive filter to work effectively, the CFA image is first demosaicked to produce a full colour image so that the adaptive filter has a full neighbourhood of same colour pixels to process. As only the actual sensor pixels may be defective, the adaptive multi-shell order-statistics filter is not applied to the whole image, but only to actual sensor values in the demosaicked image to detect and remove bad pixels. At these detected bad pixel locations, demosaicking is only re-applied to affected pixels to update the demosaicked image.
IV. PROPOSED OVERALL ALGORITHM

V. RESULTS
To assess the performance of our proposed algorithm, we added defective pixels in the form of random impulses of various magnitudes to the CFA image, as shown in Fig. 5b . Our algorithm was tested with CFA images corrupted by bad pixels in order to assess the performance differences in both cases. It was also compared with the algorithm in [2] which is a combined demosaicking and bad pixel correction method. Fig. 4 were selected to evaluate our algorithm. A 5x5 window with 2 shells was used for the adaptive order-statistics filter. In order to give a good balance of feature preservation and bad pixel correction, the value of K was set to 7.
Tables I and II are the PSNR and NCD [17] results when the CFA test images corrupted by 5% bad pixels were used as input. The first column gives the results of our proposed method which combines bad pixel correction within CFA demosaicking. The second column gives the results of the method by Kakarala [2] for comparison. This shows that our proposed algorithm outperforms that of Kakarala's for all the twenty-four test images. Column 3 shows the results of the application of the adaptive multi-shell filter to correct bad pixels after demosaicking. This shows that our proposed method of applying the adaptive multi-shell filter within CFA demosaicking outperforms a separate process of bad pixel correction after CFA demosaicking. Fig.5(a) is the original image used for visual assessment. Fig.5(b) is the CFA image of Fig.5 (a) corrupted with 5% bad pixels. Fig.5(c) is the weighted median based demosaicked output of Fig.5(b) without any filtering. Fig.5(d) gives the demosaicked output of Fig.5 (b) using Kakarala's method [2] . Fig.5(e) is the demosaicked output of our proposed algorithm applied to Fig.5(b) . It demonstrates that it is capable of removing high density bad pixels whilst preserving details of the image. In comparison, a significant amount of bad pixels still remained in Fig.5(d) produced by Kakarala's method, with colour artifacts and loss in detail. Fig.5(f) is the direct application of the adaptive multi-shell filter to Fig.5(c) . While Figs.5(e) and 5(f) show both methods are capable of removing bad pixels very well, however on closer inspection from Figs.6(a) and 6(b), it can be seen our proposed method in Fig.6(a) produced a cleaner image.
VI. CONCLUSION
Our proposed method combines an adaptive order-statistics multi-shell filter within CFA demosaicking for bad pixel correction. We have shown that this method outperforms a separate process of CFA demosaicking followed by bad pixel removal. The adaptive multi-shell filter changes its bound according to the gradient ratio so that only "bad" pixels which are appreciably different from their surrounding neighbours will be corrected. In this way, our proposed way of combining bad pixel removal within CFA demosaicking has been proved to give superior results in terms of bad pixel removal and detail preservation. In addition, our proposed method is preferred to permanent remapping of hot pixels which only appear in images on a long exposure and/or at high ISO settings. Remapping of hot pixels is indeed sometimes undesirable for those pixels which only appear on a long exposure and/or high ISO settings but still function at normal exposure and ISO settings. 
